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ABSTRACT

The stress development during filament winding of thick composite cylinders has
been studied using dry glass fiber tows. The thicknesses of the wound cylinders were
more than 38 mm while the aluminum mandrel used had an outside diameter of 58 mm.
Circumferential winding was used and the winding tension was varied between 4 and 23
N. The radial pressure measured at the mandrel surface using foil gages increased over the
first 6 layers or so of winding, and then stayed constant or even decreased slightly with
subsequent winding. Predictions based on elastic analyses were fitted to the data by
varying the effective radial modulus. The resulting values of the radial modulus were
much less than the circumferential modulus, the latter being more than ten-thousand times
greater than the former. Such high anisotropy was responsible for the asymptotic increase
of the mandrel pressure with winding. The calculated circumferential stress in the fibers
was compressive throughout most of the inner part of the wound cylinder; however, its
magnitude was rather small. A higher winding tension resulted in a better compaction,
and therefore, a smaller effective layer thickness, a higher radial modulus, and higher
internal stresses.  Under the winding conditions studied in the present work, fiber

buckling due to the development of compressive circumferential stress does not appear

possible.
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INTRODUCTION

Filament winding is a manufacturing process ideally suited for fabricating
composite cylinders. Although originally developed for thin shells, it could be used for
thick shells as well if proper processing conditions can be found. One of the major
problems with filament winding thick cylinders is the fiber wrinkling that could result from
fibers being under compression.

In filament winding, continuous bands of resin impregnated fibers are wound onto
a rotating mandrel along predetermined paths. The winding angle may vary from
longitudinal to circumferential to meet the structural requirements and processing
limitations.

Depending on the method of resin impregnation, there are in general two type of
filament winding: dry winding and wet winding.  Dry winding utilizes fiber tows
preimpregnated with B-staged resin. In wet winding, resin impregnation is performed on
line by pulling the fiber tows through a liquid resin bath during winding.

A tensile force, called the winding tension, is usually applied to the fiber tow to
ensure that the tow is placed on the right path without fiber buckling and also to enhance
radial fiber compaction. However, a tow freshly laid under tension exerts a radial pressure
on the previously wound tows. As additional layers of tows are wound, the inside fibers
may eventually come under compression in their axial direction. In thick composites, the
compressive stress may be high enough to induce fiber buckling. Also, under winding
tension, fibers can migrate radially inward by replacing the viscous resin. Such fiber
movement will of course change the stress distribution with time. Thus the residual stress
distribution inside the cylinder will depend not only on the winding tension but also on the
resin viscosity.

In dry winding, the relaxation of fiber tension will take a longer time because the
B-staged resin has a much higher viscosity than the liquid resin. Even in wet winding,

fibers should be immersed in a sufficient amount of resin to be able to move radially




inward if much stress relaxation is to occur. In an ideal winding, the amount of resin and
its viscosity should be such that cnough winding tension can be applied to remove voids
and gaps. Yet the fiber tension must be fully relaxed by the end of the processing. It
should be noted that the relaxation of the fiber tension is the result of the fibers moving
inward radially, thereby reducing their length. Being elastic, the fibers themselves have no
capability to creep.

After winding, the mandrel-composite assembly is heated in an oven or autoclave
to the cure temperature. If the mandrel has a higher coefficient of thermal expansion than
the composite, which is usually the case with aluminum or steel mandrels, it will push the
composite layers outward radially and subsequently induce tension in the fibers nearby.
As the temperature increases, the resin viscosity decreases to allow further fiber
movements until it starts to increase again with advancing cure.

When cure is complete, the assembly is cooled down to ambient temperature and
the composite cylinder is removed from the mandrel. The internal radial stress induced by
the temperature change is tensile because of the anisotropy of the composite. An
additional tensile stress may be induced by the excessive shrinkage of the mandrel.

Stress distributions and their implications on the structural integrity of thick
filament- wound cylinders have been described in detail by Tarnopol'skii and Beil' [1].
They pointed out that the radial modulus is much lower than the circumferential modulus,
and as a result, fibers can be subjected to axial compression especially in thick cylinders.
Four different models were used to describe the radial compressibility: linear elastic,
piecewise linear elastic, nonlinear, and viscoelastic. When proper values were used, the
linear elastic model was shown to describe all the key features of the stress distribution
rather well. They also discussed the importance of additional stress due to curing and
mandrel removal.

Reuter {2] analyzed the radial stress development in a thin cylinder at various

stages of filament winding. Filament winding was divided into the following stages:




winding, 'application of autoclave pressure, heating to the cure temperature, layer
movement, cooling to room temperature, pressure removal, and mandrel removal. The
linear elasticity theory was used throughout the analysis.

While references [1] and [2] were concerned with the stress development only, the
problems of heat transfer, resin flow and curing were additionally addressed by a number
of researchers [3-6].  The heat transfer analysis included the production of heat as a
result of exothermic curing and the resin flow analysis made use of the Darcy's law. A
reaction rate type of equation was used to describe the cure kinetics.

As far as winding-induced stresses are concerned, an analogy can be drawn
between filament winding and tape winding. Assuming that the tape reel could be
characterized as linearly elastic, Altmann [7] derived a set of integral equations, which are
essentially the same as those in [1], to predict interlayer pressure and in-roll tension. Monk
et al. [8] reproduced Altmann's analysis and examined in more detail the effect of various
winding tension profile on the stress distribution. Crimping or buckling of the tape in the
reel due to circumferential compression was highlighted. Yagoda [9] examined the
influence of hub compliance on the in-roll stress distribution. Based largely on Altmann's
result, Yagoda derived a closed-form solution using an infinite series expansion.

Although the stress development in filament winding has been studied by a number
of researchers, no definitive analysis-experiment correlation has been established. One of
the reasons is the lack of appropriate experimental data for the input properties. Also, a
more realistic analysis is no longer linear.

The present paper describes the results of a study to investigate the stress
development during winding of a dry glass fiber tow on a circular cylinder. The main
obiactive was to find out whether or not fiber buckling was possible during dry winding of
thick cylinders. Analysis-experiment correlation was used iteratively to gain a better

insight into the winding and material parameters that affect the stress development.




ANALYSIS

Consider a continuous fiber tow of width w and thickness ¢ being wound onto a
circular mandrel in the circumferential direction. The inner and outer radii of the mandrel
are denoted by a,, and b, respectively, Fig. 1. Suppose & layers have already been wound
and the next (k+ /)th layer is being wound under a winding tension 7. The inner and outer
radii of the 4th layer are denoted by a, and b, respectively. Thus the inner radius of the
wound cylinder ‘s a,, which is equal to 4,,.

The radial pressure p*’ on the wound cylinder exerted by the (k+I)th layer is

given by

(ky _ T
Po *E (1)

The stresses o,, 0, and the radial displacement » induced by the winding of the (k+/)th

layer are obtained from a plane-stress solution for a cylindrically orthotropic ring as [1]:
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In the above equations, £ and v are the Young's modulus and Poisson's ratio,

respectively, and c, =a,/b,. The radial pressure on the mandrel surface p®, called the

mandrel pressure, is determined from the displacement continuity condition

k
ut = (”(k) I at r=a;=b, (7)




The resultant stresses and radial displacement in a filament-wound cylinder consisting of N
layers are then obtained by summing up those induced by winding of each layer. The final

results are:

(1) Wound cylinder, a, <r <b,

cg= Zo%"’ﬂa%”’ do ®)

(2) Mandrel, a, <r<b,
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It should be noted that the final mandrel pressure p,, is equal to —(o,),, atr =5,

EXPERIMENTAL PROCEDURE
Filament winding was carried out on a2 McClean Anderson 3-axis filament winder
using E-glass fiber tows. The fibers, whose nominal diameter was 13.m, had a silane
sizing with uncured epoxy finish. The fiber tow had 7 bundles, each bundle containing

700 filaments. The tow was nominally 3.3 mm wide and 0.23 mm thick.




The fiber tow was wound on an aluminum mandrel over its 50-mm mid sectioi
which was bounded by a pair of end plates. The mandre! was 57.7 mm in outside
diameter, 3.4 mm thick, and 203 mm long. The end plates were fitted onto the mandrel to
prevent the wound tow from slipping, Fig. 2. These end plates were machined out of
transparent plexiglass sheets to enable on-line monitoring of fiber buckling at an edge. A
video camera was used to record the winding process for later examination, Fig. 3.

Winding tension was applied using an American Sahm tensioner. It was varied
between 4 and 23 N. However, in each winding series the winding tension was kept
constant throughout. A full layer of winding required 15.4 revolutions of the mandrel to
minimize gaps and laps. Winding continued until more than 100 layers were wound.

Wire-based pressure gages from Interlink Electronics were used to measure the
mandrel pressure. Four gages were attached on the mandrel surface equal distances apart
along the circumference, Fig. 2. The gages were 15 mm wide, 23 mm long, 0.3 mm thick,
and had a 10-mm diameter active area. They were designed for pressures up to 210 kPa.

The system configuration used for data acquisition is shown schematically in Fig. 3.

RESULTS AND DISCUSSION

The effective layer thickness, i.e.,, the cylinder thickness divided by the total
number of layers, decreased with increasing winding tension, Fig. 4. In other words, a
tighter winding resulted in a thinner cylinder for the same number of layers. From the
number of filaments in the tow, the effective fiber volume fractions were calculated, and
the results are shown in Fig. §.

A typical change of the mandrel pressure with the number of layers wound is
shown in Fig. 6. Note that time, instead of the layer number, has been used on the
abscissa. Some stress relaxation is seen at long times. The stress relaxation continued

somewhat even after winding.




The pressure increase in Fig. 6 is stepwise because the pressure does not increase
until the gage comes into contact with the tow. Note that the tow is only 3.3 mm wide
whereas the winding area is 50 mm long. It takes a while before a full coverage is
achieved. However, the full coverage of the gages by the tow takes place rather quickly
because the gages are small. The pressure then stays constant until next contact occurs.
The stepwise increase of the mandrel pressure can be more clearly seen in Fig. 7, which is
an expanded view of the initial winding after time has been converted to a layer number.

The variation in the measurements from gage to gage is substantial. Furthermore,
the mandrel pressure after the first layer is wound should be 10.5 kPa for every Newton of
winding tension, see Eq. (1). However, the predictions are higher than the measured in all
winding series, Fig. 8. The reason is that, unlike liquid, fibers come into contact with the
gage at discrete points, which seems to give lower readings. Furthermore, the degree of
contact is likely to vary from gage to gage depending on many factors such as the position
of the gage and the local shape of the tow.

To minimize the gage-to-gage variability and to compensate for the lower-than-
expected gage sensitivity, the data were normalized with respect to the mandrel pressure
after the first layer. Unfortunately, the normalization still could not eliminate the gage
variability entirely. Nevertheless, the gage sensitivity could be accounted for.

The normalized mandrel pressure under a winding tension of 4.45 N is shown as a
function of the number of layers wound in Fig. 9. After only 3 or 4 layers are wound, the
pressure does not increase any more. The reason is that the winding tension is taken up by
the fibers mostly as the circumferential stress.

The mandrel pressure was calculated using the equations developed earlier. The
input properties used are listed in Table 1. Layer thicknesses and fiber volume fractions
were taken from Figs. 4 and 5, respectively. The circumferential modulus was taken as
the product of the fiber modulus and the fiber volume fraction. The Poisson's ratio was

the same as that of the glass fiber. Since the radial modulus was not known a priori, it




was varied until a reasonable fit was obtained with the experimental data. The resulting
prediction is shown as a solid curve in Fig. 9. The deduced radial modulus is only 0.90
MPa, compared with 38.42 GPa for the circumferential modulus. An extremely high
anisotropy is thus found to exist in the wound cylinder.

The experimental data for winding tensions up to 22.27 N were analyzed similarly,
and the results are shown in Figs. 10 through 13. In all cases a reasonable agreement is
seen between the prediction and the experiment when the radial modulus is chosen
properly. Within the range of winding tension studied, no further increase in the mandrel
pressure is seen after only 6 layers have been wound.

With the use of the deduced values of the radial modulus, the circumferential stress
distribution in a 100-layer cylinder was calculated and the results are sh. .n in Figs. 14
through 18. Regardless of the winding tension, the circumferential stress remains

compressive throughout most of the inner region of the cylinder. It becomes tensile only

near the outer surface and near the mandrel. The magnitude of the maximum compressive

stress increases with the winding tension. However, even under the maximum winding
tension of 22.27 N, the compressive circumferential stress is only 0.24 MPa. Thus, fiber
buckling is not likely. This conclusion is in agreement with experimental observations,
where one edge of the cylinder was monitored during winding for any sign of fiber
buckling.

The radial pressure, i.e., the negative radial stress, in a 100-layer cylinder wound
under a 22.27-N winding tension is shown in Fig. 19. Near the mandrel, the radia!
pressure decreases rapidly with distance away from the mandrel. However, it stays fairly
constant over a large inner region until the outer surface is reached. The pressure then
decreases rapidly again over a thin surface region. The radial pressure that most of the
inner region is subjected to is less than 0.25 MPa and a good consolidation is expected to

be difficult to achieve under the winding tension used.
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The change of circumferential stress distribution with the number of layers in the
cylinder is shown in Fig. 20. When there are only 5 layers in the cylinder, the
circumferential stress remains tensile throughout the entire thickness of the cylinder. As
the number of layers increases to 10, the inner layers begin to be subjected to
circumferential compression. Thus, fiber buckling during filament winding is possible only

in thick cylinders where circuniferential stress could become compressive.

CONCLUSIONS

During filament winding of circular cylinders, stresses develop because of the
winding tension agplied to 'he fiber tows to improve compzaction. in the present study a
glass fiber tow and an aluminum mandrel were used to study the stress development in the
iilament winding of more than 100 'ayers..

As expected, compaction increased with increasing winding tension.
Consequently, both the effective fiber volume fraction and the effective radial modulus
increased.  The pressure on the mandrel surface was measured using foil-type pressure
gages and the result was used in the analysis-experiment correlation to determine the
effective ramial m  1ulus. The deduced radial modulus was found to be several orders of
magnitude smaller than the circumferential modulus.

The high anisotropy prevented the mandrel pressure from ir.creasing continuously
with the number “layers. Tl _re was no significant increase in the mandrel pressure after
only about 6 layers had been wound. Since much of the winding tension had to be borne
by the fibers in circumferential direction, the circumferential stress was compressive in
most of the inner region of the thick cylinder. Its magnitude, although small, increased
with increasing winding tension. Nevertheless, no apparent fiber buckling was observed
during winding.

The probability of fiber buckling inside the wound cylinder increases with

increasing compressive circumferential stress but with decreasing rad:al modulus. Since

11




the winding tension increases both the circumferential stress and the radial modulus, an
optimum value may exist which can minimize the probability of fiber buckling during

filament winding of thick cylinders.
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Property

E, GPa
Vo
E , MPa

Vy

Thickness, um

Table 1. Effective material properties

Composite

Winding Tension, N

445 891 1336 17.82

3842 46.40 56.55 65.24

022 022 022 022
090 117 124 131
053 064 078 090
427 354 290 226

Mandrel

E,=68.95GPa, v,=0.33

a,=254mm, b,=288mm

13

2227

65.24
0.22
1.45
0.90
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p (k)

At

T p(k+”=p(k)
o o

Composite

Mandre!

Fig. 1. Three components for stress analysis
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Fig. 4. Change of effective layer thickness with winding tension
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4 6 8 10 12 14 16 18 20
Winding Tension, N

Fig. 5. Change of fiber volume fraction with winding tension
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Fig. 8. Mandrel pressure after first layer wound.
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Fig. 9. Change of normalized mandrel pressure with number of layers wound, winding
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Fig. 11. Change of normalized mandrel pressure with number of layers wound, winding
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Fig. 14. Circumferential distribution in a 100-layer cylinder, winding tension =4.45 N
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Fig. 15. Circumferential distribution in a 100-layer cylinder, winding tension = 8.91 N
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Fig. 16. Circumferential distribution in a 100-layer cylinder, winding tension = 13.36 N
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Fig. 17. Circumferential distribution in a 100-layer cylinder, winding tension = 17.82 N
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